establish a significant role for Unc93b1 in the regulation of the host inflammatory response to CVB3 infection and also reveal potential mediators of host tissue damage that merit further investigation in acute viral myocarditis.
Introduction
Myocarditis is characterized by cardiomyocyte necrosis adjacent to tissue inflammation [1, 2] . In the Western world, coxsackievirus strain B serotype 3 (CVB3) is implicated in 20-40% of human viral myocarditis cases [1, 2] . CVB3, a positive-sense single-stranded RNA virus of the Picornaviridae family, causes an infection via the fecaloral route that is usually asymptomatic or can result in a mild febrile or gastrointestinal illness [1, 2] . Occasionally, this infection can trigger more severe sequelae including meningitis, pancreatitis or myocarditis. The true incidence of CVB3-induced myocarditis is unknown due to its variable presentation and a lack of sensitive and specific diagnostic techniques [2] . Patients with viral myocarditis may rapidly succumb to acute heart failure or develop dilated cardiomyopathy (DCM), a chronic inflamma-
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Abstract
Coxsackievirus strain B serotype 3 (CVB3)-induced myocarditis is an important human disease that causes permanent tissue damage and can lead to death from acute infection or long-term morbidity caused by chronic inflammation. The timing and magnitude of immune activation following CVB3 infection can mediate a positive host outcome or increase tissue pathology. To better elucidate the role of endosomal Toll-like receptor (TLR) signaling in acute CVB3 infection, we studied mice with a loss-of-function mutation, known as Letr for 'loss of endosomal TLR response', in Unc93b1 , which is a chaperone protein for TLR3, TLR7 and TLR9. Using Unc93b1 Letr/ Letr mice, we determined that Unc93b1 -dependent TLR activation was essential for the survival of acute CVB3-induced myocarditis. We also determined that a lack of endosomal TLR signaling was associated with a higher viral load in target organs and that it increased inflammation, necrosis and fibrosis in cardiac tissue. Loss of Unc93b1 function was also associated with increased cardiac expression of Ifn-b and markers of tissue injury and fibrosis including Lcn2 and Serpina3n early after CVB3 infection. These observations tory form of the disease that occurs in 20-30% of cases and frequently requires a heart transplant [1, 2] . Poor outcome following CVB3 infection has been linked to several factors including a patient's sex, nutritional status, age, and the host immune response [1, 2] .
During the initial phase of the infection, CVB3 virus replication causes direct cardiomyocyte damage and cell lysis that can contribute to worsening disease [3, 4] . Innate immune cell infiltration, including macrophages and NK cells, occurs 4-5 days after infection and is followed several days later by an adaptive T and B cell response [1, 2] . Immune activation in the heart following CVB3 infection has been associated with both protective and pathological features of disease [2] . Therefore, a delicate balance in the timing and magnitude of the host response is required to successfully clear the virus from the heart without the induction of severe and permanent immunopathology. Myocardial cell damage caused by viral or immune mechanisms is particularly deleterious as cardiomyocytes do not regenerate easily, and permanent structural changes that severely compromise cardiac muscle contractility and function can occur following host sensing of damage and stimulation of fibrotic repair mechanisms [2, 5] .
Infection with medically relevant viruses from the Picornaviridae family leads to the expression of type I interferon (IFN) [6] . In acute CVB3-induced myocarditis, studies of IFN-β-or IFN-α/β receptor (IFNAR)-deficient mice demonstrated a protective role for type I IFN [7, 8] , and a subsequent clinical study in DCM patients also demonstrated an improvement in symptoms and cardiovascular damage in response to exogenous IFN-β administration [9] . Detection of CVB3 infection and rapid IFN induction is mediated by a variety of host pattern recognition receptors, including membrane-associated Toll-like receptors (TLRs) and cytoplasmic RIG-like receptors (RLRs) [10] . Mice lacking TLR3 are more susceptible to acute CVB3-induced myocarditis and have increased tissue damage and viral load [11, 12] . Conversely, the transgenic expression of TLR3 in mice lacking IFNAR leads to a higher expression of type II IFN during CVB3 infection that is associated with a reduction in mortality, tissue damage and viral titer [11] . Genetic analysis of a cohort of patients suffering from viral myocarditis revealed a rare variant and significantly increased occurrence of a common TLR3 polymorphism compared to controls [13] . In vitro expression of mutated TLR3 abrogated activation of the type I IFN pathway, leading to increased viral replication [13] . TIR-domain-containing adaptor molecule 1 (TICAM1), a protein associated with TLR3 and TLR4 signaling, has also been shown to be important in the host survival of acute CVB3-induced myocarditis [12] . Nevertheless, the precise role of TICAM1 in type I IFN activation during acute viral myocarditis is not well understood as TICAM1-deficient mice exhibited a dynamic pattern of cardiac IFN-β expression following CVB3 infection [12] .
In addition to the TLR3/TICAM1 pathway, CVB3 is also recognized by TLR4, 7, 8 and 9 [14, 15] . TLR4-deficient mice challenged with CVB3 have significantly reduced levels of myocarditis, viral replication and cardiac IL-1β/IL-18 expression [16] . CVB3 infection of human cardiomyocytes or TLR-transfected HEK293T cells can trigger immune activation through TLR7 and TLR8 and, to a lesser extent, TLR4 [15] . Furthermore, TLR9 expression is upregulated in the wild-type heart whereas TLR9 deficiency reduces cardiac inflammation and immune cell infiltration in a mouse model of acute CVB3-induced myocarditis [14] . Similarly, mice that lack myeloid differentiation primary response gene 88 (MyD88), an adaptor for all TLRs except TLR3, are protected from mortality following CVB3 infection with a decrease in viral load and inflammation in multiple organs [17] . Interestingly, in both the TLR9-and MyD88-deficient models of acute-CVB3 induced myocarditis, cardiac IFN-β is elevated at day 7 after infection; this highlights the complexity of type I IFN regulation [14, 17] . The potentially pathogenic role of immune activation via TLR9/MyD88 in acute CVB3-induced myocarditis contrasts with the protective effect of TLR3/TICAM1-mediated immune activation [11, 12, 14, 17 ] and seems to demonstrate opposing roles for endosomal TLR signaling during CVB3 infection.
Cytoplasmic recognition of Picornaviridae was first demonstrated in encephalomyocarditis virus infection [18, 19] . Mice lacking the RIG-I-like receptor melanoma differentiation-associated protein 5 (MDA5) were found to be susceptible to lethal encephalomyocarditis virus infection that was associated with higher cardiac viral titers, focal necrosis, depressed contractility and lower serum levels of type I IFN and inflammatory cytokines [18] . Subsequently, mice lacking MDA5 or its adaptor MAVS were shown to be highly susceptible to lethal CVB3 infection [20, 21] . The expression of type I IFN was significantly lower in MAVS-deficient mice at day 2 after infection [21] ; this supports a direct role for this pathway in the antiviral response. Recently, the double-stranded replicative form of CVB3 and several other picornavirus strains was shown to directly bind MDA5, leading to its activation and the synthesis of type I IFN [22] . The relative contribution of the TLR3/TICAM1 and MDA5/MAVS pathways during CVB3-induced myocarditis has not been de-finitively resolved, although it has been shown that the TLR3/TICAM1 pathway plays an indispensable role in IFN production and a dominant role in host protection compared to the MDA5/MAVS pathway in poliovirus infection [11, 21, 23] . Finally, a very recent study demonstrated that the NLRP3-dependent inflammasome is also activated during CVB3 infection and contributes to enhanced viral myocarditis [24] .
In an effort to further parse the complex immune signaling mechanisms triggered by CVB3 infection, we have taken advantage of a recently developed loss-of-function mutation of Unc93b1 , and aimed to study its role in immune activation following CVB3 infection. UNC93B1 is a transmembrane chaperone protein that trafficks endosomal TLRs (TLR3, TLR7 and TLR9) from the endoplasmic reticulum to the endosome to permit downstream immune signaling [25] [26] [27] . Using N-ethyl-N-nitrosourea mutagenesis, we created a novel mutation in Unc93b1 that results in an in-frame deletion of exon 4 following transcript splicing [28] . Mice with this mutation have a complete lack of immune activation via TLR3, TLR7 and TLR9 in vitro and in vivo following specific agonist stimulation with polyinosinic:polycytidylic acid (poly I:C), imiquimod and CpG DNA, respectively [28] . We termed this mutation Letr for 'loss of endosomal TLR response', and recently used this model to identify a specific role for Unc93b1 in early immune activation following influenza A/PR/8/34 (H1N1) infection [28] . A previously derived ENU-induced loss-of-function mutation known as 3d has also been used to implicate Unc93b1 in immune protection during other viral infections including a mouse model of neuroadapted Sindbis virus (NSV), mouse Cytomegalovirus (MCMV) and herpes simplex virus (HSV) [27, 29, 30] . Finally, a role for Unc93b1 has been demonstrated in protection against the development of encephalitis following human HSV infection [31] .
In this study, we used Unc93b1 Letr/Letr mice to study the consequences of a complete loss of endosomal TLR signaling in acute CVB3-induced myocarditis. This approach allowed us to specifically analyze the role of endosomal TLRs in the presence of functional MyD88 and TICAM1 adaptors that can also mediate immune signaling initiated by inflammatory cytokines and alternative pattern recognition receptors. Our data demonstrate that the loss of Unc93b1 function dramatically increased susceptibility to acute CVB3-induced myocarditis, was associated with enhanced viral replication in multiple organs and increased cardiac inflammation and necrosis that led to greater myocardial fibrosis. Global cardiac transcriptional profiling determined that the Unc93b1 Letr Letr/ Letr mice during the early response to infection. This study contributes to an improved understanding of the essential role of Unc93b1 in the host response to CVB3 infection and identifies several interesting mediators that are activated downstream of endosomal TLRs and may be associated with severe cardiac pathology.
Materials and Methods

Ethics Statement
All animal experiments were conducted by following the Canadian Council on Animal Care guidelines and were approved by the McGill University Animal Care Committee, Montréal, Canada.
Mice, Virus and Infection
Unc93b1 +/+ mice and Unc93b1 Letr/Letr mice on a C57BL/6 background were housed in a specific pathogen-free facility and used at 8 weeks of age. The CVB3-CG virus was administered intraperitoneally at 400 PFU/g in PBS (Wisent, St.-Bruno, Canada). They were monitored daily for signs of illness and were sacrificed humanely if they appeared moribund.
Viral Quantification by Plaque Assay
HeLa cells were grown at 37 ° C and 5% CO 2 in DMEM (Wisent) supplemented with 10% FBS (Wisent) and 1% penicillin/ streptomycin (Life Technologies, Burlington, Canada). The mice were humanely sacrificed at days 2, 4 and 8 after infection and the hearts were perfused with 10 ml of PBS. The apex of the heart, a single liver lobe and half of the spleen were placed in Lysing Matrix D tubes (MP Biomedicals, Solon, Ohio, USA) containing 1-ml aliquots of DMEM. Samples were homogenized at 7,000 rpm for 40 s using a MagNA Lyser (Roche Applied Science, Laval, Que., Canada) and subjected to 3 freeze/thaw cycles. Following 10-fold serial dilutions in DMEM, 200 μl of supernatant was added in triplicate to a confluent monolayer of HeLa cells on a 12-well plate (Greiner Bio-One, Frickenhausen, Germany) and incubated for 1 h at 37 ° C and 5% CO 2 . A 50: 50 mixture of 0.5% agarose (Life Technologies) and DMEM supplemented with 20% FBS and 2% penicillin/streptomycin (1.5 ml) was added and the plates were then incubated at 37 ° C and 5% CO 2 . After 48 h, 1 ml of 10% phosphate-buffered formalin (Fisher Scientific, Toronto, Canada) was added and then incubated at room temperature overnight. Agarose plugs and formalin were then removed and plaques were stained with 100 μl of a 0.5% crystal violet solution (Sigma-Aldrich, Oakville, Canada) in 70% ethanol (Commercial Alcohols, Brampton, Canada).
Histology
The mice were humanely sacrificed at day 8 after infection and the hearts were cut in the sagittal plane, embedded in optimal cutting temperature compound (Tissue-Tek, VWR, Ville Mont-Royal, Canada) and then frozen in liquid nitrogen-chilled isopentane. Tissue sections (5 μm) were stained with hematoxylin and eosin (H&E) at the Histology Facility of the University of Ottawa, Ottawa, Canada, or with Masson's trichrome at the Histology Facility of the Goodman Cancer Research Centre, McGill University, Montréal, Canada. Representative photographs of the heart sections were visualized at ×4 and ×10 magnification on a BX51 microscope (Olympus, Richmond Hill, Canada) with a QICAM Fast 1394 digital CCD camera (QImaging, Surrey, Canada) and ImagePro Plus, version 7.0.1.658 (Media Cybernetics, Rockville, Md., USA). The slides were blindly scored by two independent observers using a previously published scoring system that classifies samples based on a composite of observed cardiac inflammation and necrosis [32] . Inflammation is represented by clumps of cells with nuclei stained blue by hematoxylin while areas of clearance illustrate necrosis. Normal cardiac muscle is visualized as eosin-stained red cells. A score of '0' represents a healthy heart that is free from myocarditis while a score of '4' indicates extensive necrosis and inflammation observed in the majority of the tissue.
RNA Extraction and Reverse Transcription
Hearts from female Unc93b1 +/+ and Unc93b1 Letr/Letr mice at day 0 and day 2 after infection were aseptically removed, and the apex was snap-frozen in RNAlater (Life Technologies). RNA was extracted using the RNeasy fibrous tissue mini kit (Qiagen, Toronto, Canada) following the manufacturer's instructions, quantified with a NanoDrop (Fisher Scientific) and stored at -80 ° C. Reverse transcription was performed using the ABI high-capacity cDNA reverse transcription kit with RNase inhibitor according to the manufacturer's instructions (Life Technologies).
Microarray
Gene expression analyses of total RNA from cardiac tissue were performed using the Mouse WG-6 Expression BeadChips (Illumina, San Diego, Calif., USA) at the McGill University and Genome Quebec Innovation Centre, Montréal, Canada. For the microarray, 3 biological replicates were analyzed for each genotype at day 0 and day 2 after infection. The expression data from the microarray were analyzed using FlexArray, version 1.6.2 [33] . Data were normalized using the robust spline normalization of the lumi algorithm. To obtain lists of differentially expressed genes between Unc93b1 +/+ and Unc93b1 Letr/Letr hearts at day 2 after infection, the Cyber-T test was used with a Benjamini-Hochberg false discovery rate correction to account for multiple testing. Genes with >2-fold differential expression and an adjusted p value (p adj ) <0.05 were used for further pathway and ontology analysis, and a cut-off of >5-fold differential expression and a p adj <0.05 was used to select genes for confirmation of array expression data by quantitative reverse transcription PCR (qRT-PCR).
Analysis of Differentially Expressed Genes
A principal component analysis (PCA) plot was used to visualize the changes in total normalized gene expression. The Mouse Genome Informatics (MGI) database, version 5.15 [34] (The Jackson Laboratory, Bar Harbor, Me., USA) was used to annotate the unassigned targets that represented gene transcripts in the expression microarray. Pathway, gene ontology (GO) biological process and GO cellular component analyses of gene expression data were conducted using the Database for Annotation, Visualization, and Integrated Discovery (DAVID), version 6.7 [35, 36] (http://david. abcc.ncifcrf.gov; National Institute of Allergy and Infectious Diseases, National Institutes of Health, Frederick, Md., USA). Differentially expressed genes that were not recognized by either the MGI or DAVID annotation databases were excluded from further analysis, as a role for these unassigned targets in CVB3 infection could not be inferred. Hierarchical clustering with complete linkage was conducted using the MultiExperiment Viewer, version 4.9 [37] (http://www.tm4.org/mev.html; Dana-Farber Cancer Institute, Boston, Mass., USA). The AmiGO database, version 1.8 [38] and the GO biological process term for immune response (GO:0006955; http://amigo.geneontology.org/cgi-bin/ amigo/go.cgi; the Gene Ontology Consortium) were used to define immune genes on the expression array.
Quantitative Reverse Transcription PCR
To confirm differential gene expression, qRT-PCR was conducted using the ABI 7500 real-time PCR system and accompanying software, version 2.0.3 (Life Technologies). TaqMan probes were used for Gapdh (Mm99999915_g1), Ifn-b (Mm00439552_ s1), Lcn2 (Mm01324470_m1) and Serpina3n (Mm00776439_m1). Each reaction consisted of 10 μl of TaqMan genotyping master mix (Life Technologies), 5 μl of water (Wisent), 1 μl of TaqMan probe (Life Technologies) and 80 ng of cDNA in 4 μl of water. The PCR cycling conditions were 95 ° C for 10 min followed by 40 cycles of 95 ° C for 15 s/60 ° C for 1 min. Analysis was performed using the comparative C t method (2 -ΔΔCt ) [39] . Gapdh was used as an endogenous control and expression at day 2 is relative to expression in uninfected hearts.
Statistical Analysis
Statistical analyses, excluding the analysis of microarray data, were conducted using GraphPad Prism, version 4 (GraphPad Software, La Jolla, Calif., USA). Survival analysis was performed using the log-rank test. An unpaired Student t test was used for comparisons of viral load, myocarditis score and relative gene expression measured by qRT-PCR.
Results
Loss of Unc93b1 Function Increases Mortality and Delays Viral Clearance in CVB3 Infection
Endosomal TLR signaling via TICAM1 or MyD88 in acute CVB3-induced myocarditis has been associated with host protection or disease progression, respectively. To investigate the effect of a complete loss of endosomal TLR signaling on infection outcome, we infected Unc93b1 +/+ and Unc93b1 Letr/Letr mice with CVB3 and followed the clinical and virological evolution of disease. All experiments were conducted using mice on a C57BL/6 genetic background as this strain can effectively clear the virus from the heart following acute infection without de-veloping DCM and present with disease pathology that is similar to humans [2] . After intraperitoneal infection with 400 PFU/g of the CVB3-CG strain, the Unc93b1 Letr/ Letr mice succumbed more rapidly with an overall mortality of 57% compared to 4% in Unc93b1 +/+ mice, during an acute 21-day infection period ( fig. 1 a) . The increased susceptibility observed in the Unc93b1 Letr/Letr mice was associated with a significantly elevated cardiac viral load at days 2, 4 and 8 after infection compared to the Unc93b1 +/+ mice ( fig. 1 b) . Both genotypes had a substantial viral titer in the liver and spleen at day 2, and this was sustained in the Unc93b1
Letr/Letr mice at day 4 when compared to the controls ( fig. 1 c, d ). Detectable virus was cleared from the liver and spleen by day 8 after infection in both genotypes (data not shown).
Increased Cardiac Inflammation and Cell Necrosis during Acute CVB3-Induced Myocarditis in the Absence of Functional Unc93b1
Along with virus-induced mechanisms of pathology, inflammatory cells that are recruited to the heart to eliminate CVB3 can trigger cell necrosis and lead to permanent structural changes in the heart that result in a prolonged host recovery time and increased infection-related morbidity and mortality [2] . To determine if a functional deficiency of Unc93b1 causes increased cardiac damage and inflammation, we analyzed tissue sections stained with HE at day 8 after infection, a time point at which both necrosis and inflammation can be visualized [32] . The Unc93b1
Letr/Letr mice had significantly increased myocarditis compared to the Unc93b1 +/+ mice when both inflammation and necrosis were quantified using a previously established scoring system [32] ( fig. 2 a) . Representative histological sections of infected heart tissue clearly demonstrate more foci of inflammation (clusters of cells that stain blue) and substantially more cell necrosis (areas of clearance) in the hearts of the Unc93b1
Letr/Letr mice than in the Unc93b1 +/+ controls ( fig. 2 b, c) .
Loss of Unc93b1 Function Causes Dysregulated Early Cardiac Gene Expression in Acute CVB3-Induced Myocarditis
As Unc93b1 Letr/Letr mice were significantly more susceptible to infection and had more cardiac damage, we analyzed how the loss of Unc93b1 function affected cardiac gene expression during CVB3 infection, and sought to determine if the pattern of early transcriptional activation could be correlated with host outcome. Accordingly, we performed a global gene transcriptional analysis on biological replicates of heart tissue from Unc93b1 +/+ mice and Unc93b1
Letr/Letr mice at day 0 and day 2 after infection. Day 2 was examined as TLR activation can occur rapidly in primary human aortic muscle cells following infection [15] and early changes in cardiac signaling can predispose the host to a deleterious outcome as the infection progresses [40] . In addition, significant immune cell infiltration to the heart has not occurred by 48 h after infection, so that gene expression at this time point predominantly reflects the response of resident immune cells and cardiomyocytes. PCA of normalized global expression data from this array clustered heart samples based on 2 experimental factors, i.e. factor 1: genotype and factor 2: infection, with only minor variations between the assayed biological replicates being observed ( fig. 3 a) 321 therefore contribute to the observed differential infection outcome [35] . Gene transcripts within these significantly enriched GO clusters were subsequently segregated based on increased expression in the Unc93b1
or Unc93b1 Letr/Letr hearts at day 2 after infection ( fig. 3 b) . Visual inspection revealed that differentially expressed genes associated with the term antigen processing and presentation via MHC class II appear to be more highly expressed in Unc93b1 +/+ hearts than in Unc93b1
Letr/Letr hearts. Conversely, differentially expressed genes associated with the GO terms inflammatory response, cytokine production, positive regulation of TNF production, innate immune response, chemotaxis and cellular amino acid catabolic process appear to be more highly expressed in Unc93b1 Letr/Letr than in Unc93b1 +/+ hearts at day 2 after infection.
Of the 182 differentially expressed genes at day 2, 49 were more highly expressed in the Unc93b1 +/+ hearts whereas the other 133 were more highly expressed in the Unc93b1
Letr/Letr hearts (online suppl. table 1). A subsequent analysis was conducted on each gene list to determine the GO biological process, GO cellular component and pathway enrichment terms that were significant to each genotype. These results were in agreement with several findings from the preliminary GO analysis ( fig. 3 b) , and demonstrated that genes associated with the GO biological process term antigen processing and presentation of exogenous peptide antigen via MHC class II and the GO cellular component term MHC class II protein complex were significantly enriched in Unc93b1 +/+ mice at day 2 whereas the GO biological process term inflammatory response was significantly enriched in Unc93b1
Letr/ Letr hearts ( table 1 ) . Pathway analysis determined that immune genes involved in the TLR signaling pathway were significantly enriched in the Unc93b1 Letr/ Letr hearts whereas the pathway terms for intestinal immune network for IgA production, asthma and systemic lupus erythematosus were significantly enriched in the hearts of the Unc93b1 +/+ mice ( table 1 ) . Hierarchical clustering of normalized data for the 182 differentially expressed genes was performed to order biological replicates based on gene expression similarities ( fig. 4 a; fig. 4 b) , which may be have been related to the higher cardiac viral load observed at this time point. Gene clustering on the y-axis indicates similarity in gene expression patterns and may also indicate similarity in gene regulation at the biological level [41] .
At day 0, there were 21 genes that showed >2-fold differential expression and a p adj <0.05 between the Unc93b1 +/+ and Unc93b1 Letr/Letr hearts (online suppl. table 2). Eight of these genes also showed differential expression at day 2; only one (c8b) was significantly clustered in the secondary microarray analysis ( table 1 ). These findings suggest that the basal gene expression did not play a significant role in the expression differences observed between Unc93b1 +/+ and Unc93b1 Letr/Letr hearts at day 2 following CVB3 infection.
Loss of Unc93b1 Function Increased Cardiac Expression of Ifn-b, Lcn2 and Serpina3n in Acute CVB3-Induced Myocarditis
To identify the genes with dramatically differential expression between Unc93b1 +/+ and Unc93b1 Letr/Letr hearts during acute CVB3-induced myocarditis that would be amenable to confirmatory analysis by qRT-PCR, the microarray analysis was restricted to transcripts that had >5-fold differential expression and a p adj <0.05. This more rigorous threshold revealed five genes, only one of which (Dbp) was more significantly upregulated in the Unc93b1 +/+ hearts while the other four (Cdo1, Ifn-b, Lcn2, Serpina3n) were more significantly upregulated in the Unc93b1
Letr/Letr hearts ( table 2 ) . Consistent with our findings using a cut-off of >2-fold differential expression; (online suppl. table 1), there were also a greater number of upregulated transcripts in the Unc93b1
Letr/Letr hearts than in the Unc93b1 +/+ hearts, using a cut-off of >5-fold differential expression.
To verify expression data from the microarray, Ifn-b , Lcn2 and Serpina3n were analyzed by qRT-PCR. These Letr/Letr hearts. The day and genotype are indicated at the top of each heat map. Red/green signatures denote the normalized gene expression profile, with red representing gene upregulation and green denoting gene downregulation. Dendrograms on the x-axis denote sample clustering while the y-axis indicates gene clustering. Clusters were calculated by hierarchical clustering using MeV [37] . Genes clustered together suggest a degree of similarity in expression, which may relate to similarities in gene regulation at the biological level. fig. 5 a, b) with a trend towards increased expression of Serpina3n in the Unc93b1 Letr/Letr hearts at day 2 after infection ( fig. 5 c) . A previous study demonstrated that the exogenous addition of recombinant Serpin A 3N ( rSerpin) increased cardiac remodeling and fibrosis in a mouse model of CVB3-induced autoimmune myocarditis caused by an injection of CVB3 in combination with cardiac myosin protein [40] . Therefore, to determine if the extent of cardiac remodeling was affected in the Unc93b1 Letr 5 d) , a finding that correlates with the increased inflammation and necrosis observed at the same time point.
Discussion
CVB3-induced myocarditis is a serious and often underdiagnosed condition. The outcome of infection is determined by a complex interaction of host and viral factors that can result in an asymptomatic and self-limited infection, sudden death during acute myocarditis or DCM due to persistent inflammation [1, 2] . In this report, we used mice with a chemically induced loss-of-function mutation in Unc93b1 [28] on a resistant C57BL/6 genetic background, in order to study the role of endosomal TLR signaling in acute CVB3-induced myocarditis. While previous studies have examined the role of immune signaling in mice lacking a single TLR or adaptor, this is the first report examining how a complete loss of endosomal TLR activation affects host outcome following CVB3 in- fection. We demonstrated that a functional deficiency of Unc93b1 led to increased mortality during acute CVB3-induced myocarditis, and this correlated with a significantly elevated viral load in the heart, liver and spleen as well as increased cardiac inflammation and necrosis. This differential host susceptibility was accompanied by a significantly dysregulated expression of genes associated with several biological processes including antigen processing and presentation of exogenous peptide antigen via MHC class II and the inflammatory response, with a specific increase in Ifn-b , Lcn2 and Serpina3n expression in Unc93b1 Letr/Letr hearts at day 2 after infection. These results demonstrate that endosomal TLR signaling is crucial for survival and recovery from an acute CVB3 infection, and further reveal potentially interesting mediators that may be associated with pathology in acute CVB3-induced myocarditis.
Increased mortality due to defective Unc93b1 function is consistent with previous studies of Tlr3 -or Ticam1 -deficient mice, both of which have increased mortality, inflammation and cardiac viral load following CVB3 infection [11, 12] . In addition, the transgenic expression of TLR3 was shown to protect mice from lethal CVB3 infection, even in the absence of type I IFN signaling, via TICAM1-dependent induction of type II IFN [11] . In contrast to the TLR3/TICAM1 pathway, signaling via TLR9/ MyD88 contributes to disease pathogenesis in acute CVB3-induced myocarditis [14, 17] . Specifically, MyD88 deficiency improved host survival, decreased cardiac and pancreatic tissue damage and reduced viral load in multiple organs during acute CVB3 infection [17] . Interestingly, our report demonstrates that the simultaneous loss of protective immune responses through TLR3/TICAM1 and pathogenic responses through TLR9/MyD88 increased the overall susceptibility to acute CVB3-induced myocarditis. We observed comparable IFN-γ production and expression of type II IFN-inducible genes between Unc93b1 +/+ and Unc93b1 Letr/Letr hearts (online suppl. fig. 1 ) suggesting that the susceptibility of Unc93b1 Letr/ Letr mice to early viral replication and myocarditis is not attributable to the loss of this pathway. Our findings further demonstrate that immune activation through MDA5/ MAVS, a cytoplasmic pathway that is essential for host survival following CVB3 infection [20, 21] , and other viral recognition mechanisms in Unc93b1
Letr/Letr mice are not sufficient to compensate for the absence of endosomal TLR signaling in acute CVB3-induced myocarditis.
Microarray analysis at day 2 following CVB3 infection revealed an increase in total gene expression as well as the expression of genes associated with the GO biological process term inflammatory response in Unc93b1 Letr/Letr hearts when compared to Unc93b1 +/+ hearts. This finding suggests that the loss of Unc93b1 -dependent endosomal TLR signaling did not dampen the host response, but instead led to greater immune activation. TICAM1-deficient mice exhibited a similar response characterized by increased TNF-α and IL-1β with a concomitant increase in activated T-cell, B-cell and macrophage infiltration at day 7 after infection, despite an increased susceptibility to CVB3 infection [12] . GO analysis also showed that genes associated with antigen processing and presentation of exogenous peptide antigen via MHC class II were more highly expressed in Unc93b1 +/+ hearts than in Unc93b1
Letr/ Letr hearts at day 2. Previous studies have noted that MHC class II can be constitutively expressed by resident antigen-presenting cells in the heart and activated on cardiomyocytes following IFN-γ expression [42, 43] . Effective antigen presentation via MHC class II is a crucial mechanism for priming CD4 + T lymphocytes that, in turn, facilitate the continued activation of cytotoxic CD8
+ T cells and B-cell activation to eliminate infected cells and produce strain-specific antibodies, respectively. MHC class II may play an important role in mediating host resistance against CVB3 as it was found that infection of MHC class II-deficient mice led to significantly worse cardiac disease that manifested as persistent immune cell infiltration, fibrosis and sustained viral load at day 21 after infection, although no survival difference was reported [44] . In the original paper by Tabeta et al. [27] that established the function of Unc93b1 in endosomal TLR activation, a second independent role for Unc93b1 in antigen presentation via MHC class II as well as antigen cross-presentation was proposed. Conversely, recent studies using experimental conditions similar to in Tabeta et al. [27] were unable to reproduce this finding, and therefore proposed that a TLR-independent role for Unc93b1 in antigen presentation did not exist [45] . Further data from Toxoplasma gondii and Trypanosoma cruzi infections have demonstrated that the combined loss of multiple endosomal TLRs recapitulated the susceptibility phenotype seen in infected Unc93b1 3d/3d mice [46, 47] . Taken together, these observations suggest that the early decrease in gene expression associated with antigen processing and presentation of exogenous peptide antigen via MHC class II in Unc93b1
Letr/Letr mice may be attributable to the loss of endosomal TLR activation in the heart rather than due to an independent functional role for Unc93b1 .
Pathway analysis at day 2 revealed that genes involved in the intestinal immune network for IgA production, Letr/Letr mice compared to resistant Unc93b1 +/+ mice was unexpected, as a protective role for IFN-β has been demonstrated in both experimental and natural studies of acute viral myocarditis and DCM. Both IFN-β-and IFNAR-deficient mice are highly susceptible to acute CVB3-induced myocarditis and exhibit increased splenic and hepatic necrosis [7, 8] . Research has also demonstrated that the exogenous addition of IFN-β to human myocardial fibroblasts in vitro or mice in vivo reduced viral load and cell damage [48, 49] and a clinical trial of IFN-β treatment over a 6-month period improved disease outcome and reduced viral titer in chronically infected DCM patients [9] . However, not all studies have demonstrated that elevated IFN-β correlates with protection in acute CVB3-induced myocarditis. For example, analysis of resistant B10.A and susceptible A/J mice revealed a relationship between higher cardiac viral titer in the first 4 days after infection and increased serum IFN-β expression [50] , a finding that is similar to our observations in the Unc93b1 Letr/Letr model. TLR3 deficiency significantly increased mortality and serum viral load, but did not affect cardiac IFN-β expression at day 3 after infection [11] . The expression of TLR7 and TLR8 has been associated with IFN-β induction following CVB3 infection of a HEK-293T cell line as well as human primary aortic cells [15] ; however, a specific role for TLR7 in IFN-β expression during CVB3 infection has not been determined in vivo. Accordingly, during CVB3 infection of Unc93b1
Letr/Letr mice, the specific influence of defective TLR7-mediated immune activation on Ifn-b induction is difficult to predict.
As endosomal TLRs are nonfunctional in Unc93b1
Letr/ Letr mice, one or more alternative pathways must mediate the cardiac Ifn-b upregulation in this model. In vitro studies have shown that increased MAVS expression is correlated with increased Ifn-b expression and decreased viral RNA [51] , and both in vitro and in vivo analyses of Unc93b1
Letr/Letr mice revealed residual cytokine responsiveness following poly I:C stimulation, an agonist for both TLR3 and MDA5 [28] . Taken together, these data suggest that the early upregulation of Ifn-b in Unc93b1 Letr/Letr hearts may occur, at least in part, through the MDA5/MAVS pathway. Furthermore, despite a lack of functional TLR3 in the Unc93b1
Letr/Letr mice, its intracellular adaptor TICAM1 remains functional and can be recruited by both cell membrane-localized TLR4 and a cytoplasmic DDX sensor composed of the DDX1, DDX21 and DHX36 helicases [52] . TLR4 deficiency is associated with decreased myocarditis in CVB3-infected mice, suggesting that its activation may contribute to disease in Unc93b1 Letr/Letr mice [16] . In myeloid cells, the cytoplasmic DDX sensor activates an early type I IFN response in response to poly I:C, a synthetic analog of dsRNA [52] . Triggering of this pathway leads to the subsequent induction of other pattern recognition receptors, such as MDA5, that further amplify type I IFN production [52] . Therefore, it is reasonable to speculate that the early elevation in Ifn-b expression in the hearts of Unc93b1
Letr/Letr mice may be attributable to the MDA5/ MAVS pathway and/or one or more TICAM1-dependent but endosomal TLR-independent pathways. As there was no difference on the cardiac gene array at day 2 (data not shown) between Unc93b1 +/+ and Unc931b1
Letr/ Letr hearts in the expression of Mavs or Ticam1 , further study is required to determine if one or more of these pathways is indeed responsible for the elevated Ifn-b in the Unc931b1
Letr/Letr mice. Despite the known protective effect of IFN-β in CVB3 infection, the Unc93b1 Letr/Letr mice had significantly higher mortality than the Unc93b1 +/+ mice, suggesting that the observed Ifn-b increase may have been transient or that the elevated Ifn-b expression in Unc93b1
Letr/Letr hearts was not sufficient to compensate for the loss of protective immune mechanisms activated by endosomal TLR signaling.
Lcn2 , a 25-kDa small molecule transporter and a member of the lipocalin family [53] , was also significantly upregulated in Unc93b1
Letr/Letr hearts at day 2 after infection. LCN2 protects the host during bacterial infection by binding and sequestering iron-scavenging bacterial siderophores to limit the iron acquisition required for bacterial growth [54] . Indeed, Lcn2 -deficient mice are more susceptible to Escherichia coli -induced sepsis and Klebsiella pneumoniae infection than wild-type mice [55, 56] . In a model of West Nile virus-induced encephalitis however, Lcn2 deficiency did not affect the host's ability to mount an appropriate cellular immune response, to clear brain viral load or to survive the disease [57] , suggesting that it may be dispensable in certain viral infections. Lcn2 has also been proposed as a clinical marker of acute kidney injury as it has low basal expression that is significantly elevated in both plasma and urine samples following renal inflammation or injury [58] . Recent work suggests that Lcn2 may also be a marker of cardiac injury as its expression is elevated in patients with coronary artery disease and heart failure [59] . Based on these studies, the upregulation of Lcn2 in Unc93b1
Letr/Letr hearts at day 2 may reflect a response to damage and act as an early indicator of the increased cardiac tissue injury observed at day 8. Interestingly, differential cardiac expression of Lcn2 was also seen during the acute phase of CVB3-induced autoimmune myocarditis that was caused by injection of a combination of CVB3 and cardiac myosin protein in susceptible male Balb/c mice, suggesting that its expression in the heart may predict progression to DCM [40] . Our finding of an early increase in cardiac Lcn2 expression in a model of CVB3 infection alone complements this study and further suggests that there is a potential utility for Lcn2 as an informative biomarker of tissue damage in acute as well as chronic myocarditis.
At day 2, we also observed a trend towards increased expression of Serpina3n in Unc93b1
Letr/Letr hearts by qRT-PCR . Serpina3n can bind and inactivate serine proteases that normally degrade the extracellular matrix [60, 61] . Patients with atherosclerosis have been found to have significantly increased Serpina3n expression in cardiac cells compared to healthy controls, suggesting that increased expression of Serpina3n may be linked to more severe symptoms in cardiovascular disease [62] . Elevated Serpina3n expression has also been seen in patients with heart failure, further supporting an association of Serpina3n expression with increased cardiac damage and repair [63] . Similar to findings with Lcn2 , the induction of experimental CVB3-induced autoimmune myocarditis causes elevated expression of Serpina3n in the acute phase of disease, correlating with an increased propensity to progress to chronic DCM [40] . In this study, elevated cardiac Serpina3n began at day 2 in susceptible mice and was sustained until day 10 [40] . Serpina3n expression was elicited from non-CD11b + cells, suggesting that resident cardiac cells, rather than immune cells, are the predominant cellular source following infection [40] . Finally, the exogenous addition of rSerpin to mice with CVB3-induced autoimmune myocarditis significantly increased fibrosis, implicating Serpina3n expression in cardiac remodeling [40] . Collectively, these findings suggest that the substantial fibrosis observed in the Unc93b1
Letr/Letr hearts at day 8 may have been due, at least in part, to the early increase in Serpina3n expression. Though elevated Serpina3n has been linked to increased pathology in CVB3-induced autoimmune myocarditis, a notable difference between our study and this previous report is that there was no observed difference in viral load between resistant and susceptible Balb/c mice in the latter [40] . This may be because the 2 studies used different models of virus-induced myocarditis, but it is also possible that additional virus-mediated mechanisms of damage contributed to significantly worse fibrosis in the Unc93b1
Letr/ Letr mice during acute CVB3-induced myocarditis.
In summary, our studies using mice with a complete loss-of-function mutation of Unc93b1 have shown that endosomal TLR signaling is essential for survival of acute CVB3-induced myocarditis, and that compensatory immune signaling via MDA5/MAVS or alternative host defense mechanisms in Unc93b1
Letr/Letr mice are insufficient for recovery. This data extends the results of previous studies in mouse MCMV, HSV and NSV infection that also demonstrated an essential role for Unc93b1-mediated immune activation in infection survival [27, 29, 30] . Our studies confirm the indispensable role of TLR3-mediated immune activation in host protection during CVB3 infection, and further demonstrate that the concomitant loss of pathological immune activation mediated by MyD88 does not protect Unc93b1
Letr/Letr mice against worse disease following infection. It is currently unknown whether the protection attributed to MyD88 deficiency in acute CVB3-induced myocarditis [17] is due to the loss of IL-1 receptor (IL-1R)-mediated immune activation, which also uses the MyD88 adaptor [64] , or is related to the loss of endosomal TLR7-and TLR9-mediated immune activation. In experimental models of CVB3-induced autoimmune myocarditis, the exogenous addition of IL-1β induced or worsened inflammation [65] whereas in a model of acute CVB3-induced myocarditis, the inhibition of IL-1-mediated immune activation with an IL-1R antagonist significantly decreased mortality, cardiac viral load and tissue damage [66] . Therefore IL-1R-mediated immune activation can increase host pathology, and its absence may be contributing to the enhanced host protection observed in MyD88-deficient mice [17] . As no in vivo studies on the role of TLR7 following CVB3 infection have been conducted to date, it is challenging to predict the relative contribution of this pathway to host pathology or protection. The use of Unc93b1 Letr/Letr mice, which maintain intact MyD88 and TICAM1 adaptors, allowed us to clearly define the role of endosomal TLRs in acute CVB3-induced myocarditis without the confounding effects of the loss of immune activation through other signaling pathways. Identification of significantly elevated Lcn2 expression and a trend towards increased Serpina3n expression in the Unc93b1
Letr/Letr hearts complements previous studies that have demonstrated a correlation between the expression of these genes and worsened cardiac damage and infection outcome in CVB3-induced autoimmune myocarditis, and extends these findings to a model of acute viral myocarditis. This is the first study to demonstrate a potential link between the activation of these genes and increased susceptibility using an immunodeficient mouse model, and it suggests that further investigation of Lcn2 and Serpina3n may confirm their potential as markers of cardiac damage during acute as well as chronic viral myocarditis.
